Abstract: Nucleophilic substitution reaction of 5-amino-1-naphthol with disodium-3,3'-disulfonate-4,4'-dichlorodiphenylsulfone (SBCPS) in the presence of sodium hydroxide and subsequent acidification resulted in a new diamine monomer named as 3,3'-disulfonic acid-bis[4-(5-amino-1-naphthoxy)phenyl]sulfone (DANPS). This monomer containing ether, sulfone, and bulky naphthyl groups was used to prepare two series of new copolyimides via one step polycondensation reaction. This sulfonated diamine (DANPS) was polycondensed with two unsulfonated diamines, 4,4'-oxydianiline (ODA), and m-phenylenediamine (m-PDA) and 1,4,5,8-naphthalene tetracarboxylic dianhydride (NDA) to prepare copolyimides with controlled degrees of sulfonation. Monomers and polymers were fully characterized with common methods and the physical properties of the polymers including thermal behavior and stability, viscosity, and ion exchange capacity (IEC) as a criterion for evaluation of the performance in fuel cell membrane were investigated.
Introduction
Nowadays more attention have been focused on the research and study in the field of fuel cells, and application of this source of energy is growing steadily. Pollutions arising from fossil fuels can be reduced by application of fuel cells as suitable source in production of clean energy [1, 2] . Fuel cells are energy conversion devices which can convert fuel (such as hydrogen) and oxidant (such as oxygen) into water with generation of electricity. They have been developed extensively because they are environmentally friendly energy sources. Water and heat which do not pollute the atmosphere, would be the only byproducts of fuel cell systems working with hydrogen and oxygen [3] [4] [5] [6] .
Proton exchange membrane (PEM) fuel cells (polymer electrolyte membrane) are one of the most important types of fuel cells that employ a solid polymer electrolyte to separate the fuel from the oxidant. During last decades different polymers with various structures have been reported for application as membrane in stationary or mobile fuel cell systems. Sulfonated polyimides, polysulfones, polystyrenes, polybenzimidazoles, poly(ether ether ketone)s are some of the main types of membranes have been used recently [7] [8] [9] .
Aromatic polyimides are well accepted as high performance polymers and as high temperature resistant materials. They exhibit favorable balance of physical and chemical properties and show excellent thermal, mechanical and electrical properties. They contain a number of unique features including excellent physical properties, retention at elevated temperatures and in wet environments, constant electrical properties over a wide range of temperatures, and non flammability properties that make them the polymers of choice for application in microelectronic and aerospace engineering [10] [11] [12] [13] [14] [15] [16] [17] . On the other hand, it has been reported that polyimides with six-membered ring show better thermal and chemical stability in comparison with similar five-membered ring polyimides [18] [19] [20] [21] . According to these facts, polyimides with appropriate ion-conducting sites are one of the best candidates for fuel cell membrane.
Here we wish to describe the preparation of novel sulfonated naphthalene-based copolyimides with various degrees of sulfonation derived from a new sulfonated diamine (DANPS), two unsulfonated diamines (ODA and m-PDA), and NDA. Incorporation of bulky naphthyl units in addition to ether and sulfone groups in the prepared new monomer (DANPS) led to improved solubility and processability of the resulting polyimides while maintaining their thermal and physical properties.
Results and discussion
Sulfonated six-membered ring polyimides with ion-conducting sites are known as good candidates for preparation of membrane of proton exchange membrane fuel cells. Therefore, design and synthesis of new sulfonated diamine as a basic monomer for the preparation of related polyimides has especial importance. Here we describe the preparation of a new sulfonated diamine and polycondensation reactions of this monomer with unsulfonated diamines and naphthalene tetracarboxylic dianhydride to prepare sulfonated copolyimides with controlled degrees of sulfonation.
4,4'-Dichlorodiphenylsulfone was sulfonated via electrophilic substitution reaction with fuming sulfuric acid and converted to 3,3'-disulfonic acid-4,4'-dichlorodiphenylsulfone. Subsequently, sodium salt form of this diacid (disodium-3,3'-disulfonate-4,4'-dichlorodiphenylsulfone) (SBCPS) was obtained by reaction with sodium hydroxide (Scheme 1). Scheme1. Preparation of SBCPS.
In the next step, reaction of 5-amino-1-naphthol with sodium hydroxide in DMSO and chlorobenzene as an azeotropic agent using Dean-Stark trap led to preparation of 5-amino-1-sodium naphthoxide. DANPS was prepared by reaction of SBCPS and 5-amino-1-sodium naphthoxide according to Scheme 2.
All of the prepared materials were characterized using common spectroscopic methods including FT-IR and H-NMR spectroscopy and also elemental analysis. The results are collected in Table 1 and the representative FT-IR and H-NMR spectra are shown in Fig 1 and One step polycondensation reactions of the sulfonated diamine and unsulfonated diamines with NDA as six-membered ring dianhydrides led to preparation of copolyimides. Thus, two series of sulfonated copolyimides with 40-80 % disulfonation were obtained by reaction of NDA with various ratios of DANPS as sulfonated diamine versus ODA or m-PDA as unsulfonated diamines. Stability of the membranes in the harsh acidic condition of fuel cell has significant importance and since six-membered ring polyimides bear higher physical, thermal, and chemical stability in comparison with similar five-membered ring polyimides; therefore NDA was used as a main monomer for the preparation of polyimides [21] .
Fig. 1. FT-IR spectrum of DANPS.

Fig. 2. H-NMR spectrum of DANPS.
It is worth to mention that, in order to prevent the Zwitterion formation between acids and amines of DANPS and also to increase the solubility of it, the acidic groups of DANPS was protected using triethylamine (Scheme 3). Copolyimides were prepared by high-temperature polycondensation reaction in mcresol in the presence of benzoic acid (BA) and isoquinoline (IQ). An acidic catalyst such as benzoic acid was added in the first step which promoted the formation of the trans-isoimide. It has been proposed that a basic catalyst (IQ) was then needed to convert the trans-isoimide into polyimide [22] [23] [24] [25] (Scheme 4). One step method was preferred in comparison with two step method of polyimide formation due to the fact that at high temperature in one step polycondensation method the reactivity of sixmembered naphthalene ring toward the diamines increased. All of the copolymers were characterized using FTIR and H-NMR spectroscopy to confirm the structures. The representative FT-IR and H-NMR spectra of the polymers are presented in Fig 3 and 4 , respectively.
Fig. 3. FT-IR spectrum of DANPS-O(50)
. Also, H-NMR spectroscopy was used to evaluate the sulfonation content of the polymers. It was determined by comparison of the ratio of a peak in the sulfonated region to the one peak in both the sulfonated and unsulfonated regions [26, 27] . The results of yields, characterization data, and sulfonation content are tabulated in Table  2 . The inherent and intrinsic viscosities as good criteria for evaluation of molecular weights were measured in NMP at 30 ˚C using Ubbelohde viscometer. The molecular weights of the copolymers were determined using GPC method in DMF over polystyrene standards. LiBr was added to each sample at a concentration of 1% (w/v) to suppress the polyelectrolyte effect. By addition of LiBr to a dilute polyelectrolyte solution, the ionic strength of the solution outside of the polymer coil increased relative to the strength of the solution inside of the coil.
Tab. 3. Inherent and intrinsic viscosity and GPC data.
Polymer Therefore, the thickness of the ionic atmosphere around the polymer chain was reduced due to the diffusion of some of the electrolyte ions into the polymer coil. The data obtained from viscometry and chromatography methods are collected in Table  3 ; accordingly the copolymers showed reasonable molecular weights.
The solubility behavior of the acidic form of copolymers was investigated in some common dipolar solvents including NMP, DMAc, DMF, DMSO, and m-cresol. Although, one of the most important difficulties of the polyimides in processing is their lack of solubility, the prepared copolyimides were soluble in these solvents at room temperature; also they were partially soluble in THF and pyridine by heating. It is worth to mention that presence of naphthyl bulky group in the backbones of copolymers, in addition to the presence of polar sulfonated units and ether flexible groups were the main factors for improving the solubility of the copolymers. Also, solubility was increased by increasing the content of sulfonation in the prepared copolyimides. Solution casting of the acidic form of copolymers using NMP or DMAc as solvent and temperature programming heating for effective solvent removal resulted in preparation of tough, thin films with 100-200 µm thickness.
The thermal stability and thermal behavior of the triethylammonium salt form of copolymers were studied using TGA, DSC, and DMTA techniques. The glass transition temperatures (T g ) of the polymers according to DSC (the midpoint of the change in slope of baseline) and DMTA (decrease in storage modulus with increasing tan δ) analyses were about 146-236 °C. These polymers showed lower T g than conventional polyimides due to the presence of flexible ether and sulfonated groups, which means better processability in comparison to the other common polyimides. Thermal stabilities were evaluated by TGA at a heating rate of 10 ˚C/min. The temperatures corresponding to initial decomposition temperature (T 0 ), temperatures for 10% weight loss (T 10 ), and the maximum decomposition temperatures (T max ) derived from the first derivative of TGA versus temperature, and also char yields at 600 ˚C are listed in Table 4 . The temperature for 10% mass loss is an important criterion for the evaluation of the thermal stability from TGA method. Difference in thermal stability of DANPS-O and DANPS-P polymers arise mainly from the existence of ether group and meta linkage, respectively.
Tab. 4.
At high temperature (600 °C) all of the bonds begin to break and since the C-O bond is weaker than aromatic C-C bonds, therefore they degrade more. At lower temperature, the main subject that affects the thermal stability is structure, symmetry, and close packing of the polymeric chains. Lower symmetry of meta linkage (DANPS-P) restricts the efficient close packing, therefore DANPS-O polymers show higher thermal stability than DANPS-P polymers due to the more close packing of the structure and stronger inter-chain interactions.
The thermographs of TGA for the copolyimides showed a two-step degradation pattern for all samples. The first major weight loss was observed in the region of 300 ˚C attributed to the desulfonation of the structures. The second weight loss that was observed at about 460 ˚C was related to the degradation of the polyimide backbone.
The mass loss at the first step was increased, and also the degradation temperature decreased by increasing the sulfonation content of the copolymers. This was due to the fact that the sulfonated parts of the copolyimides were the weak units from the thermal stability point of view in these polymers. Two typical curves of TGA are shown in Fig 5 and 6 . Also it is worth to mention that the acidic form of membranes revealed higher thermal stability than their corresponding triethylammonium salt forms (Table 4) .
Fig. 5. TGA thermograph of DANPS-O(50).
Tensile strength of the membranes for the evaluation of mechanical properties and as a suitable indication for growth of molecular weights was studied. The maximum stress was in the range of 31-47 MPa, and the maximum strain was about 5-23%.
The ion exchange capacity (IEC) of the copolyimides as a good criterion for evaluation of conductivity of the protons for final application in the proton exchange membrane fuel cell was measured by titration method. The triethylammonium salt form of the copolyimides were converted to their acidic form by HCl (1M), they were vacuum deried at 120 ˚C and then 0.1 g of the acidic forms were treated with NaCl (0.1 M) to replace the H + with Na + . The released H + was then titrated with NaOH (0.1 M) in the presence of phenolphthalein as indicator [13] . The results of the obtained data for IEC measurements are tabulated in Table 5 . The data showed that the IEC increased by increasing the percentage of sulfonated units of the copolymers. The sulfonated units are responsible for the conduction of protons in the fuel cell membrane. 1.38 DANPS-P(50)
1.60 DANPS-P(60)
1.72 DANPS-P(70)
1.98 DANPS-P(80)
Conclusions
Two series of new sulfonated copolyimides as membranes for proton exchange fuel cells were prepared and their physical and thermal properties including ion exchange capacity were studied. These copolyimides were synthesized via polycondensation reactions of a novel sulfonated diamine (DANPS) in association with two unsulfonated diamines (ODA and m-PDA) at different molar ratios and naphthalene tetracarboxylic dianhydride (NDA). The copolyimides showed good solubility, thermal stability, and ion exchange capacity that make these polymers contain prerequisite conditions for application in proton exchange membrane fuel cell. By increasing the sulfonation content of the acidic form of the membranes, the solubility and ion exchange capacity increased, whereas their thermal stability decreased.
Experimental
Materials
All chemicals were purchased either from Merck or Aldrich Chemical Co. 5-Amino-1-naphthol and m-PDA were sublimed under reduced pressure. ODA was recrystallized with ethanol. NDA was dried under vacuum at 170 ˚C overnight. Dimethyl sulfoxide (DMSO) and m-cresol were distilled under reduced pressure over CaH 2 and anhydrous P 2 O 5 , respectively.
Monomer Synthesis -Disodium-3,3'-disulfonate-4,4'-dichlorodiphenylsulfone (SBCPS)
Into a 100-mL, two-necked, round-bottomed flask equipped with a condenser, a nitrogen inlet tube, and a magnetic stirrer was placed 14.35 g (0.05 mol) of 4,4'-dichlorodiphenyl sulfone and 30 mL of fuming sulfuric acid (30 % SO 3 ). The mixture was stirred and heated at 110 ˚C for about 6 h until a paste-form product was obtained. After cooling, 200 mL of ice-water was added to it and while mixing, 90 g of sodium chloride was added to obtain a white precipitate. Then it was filtered, and redissolved in 200 mL of water. Aqueous sodium hydroxide solution (2 N) was added to the mixture to neutralize the solution (pH ~ 7). White precipitate of disodium-3,3'-disulfonate-4,4'-dichlorodiphenylsulfone was obtained by adding excess amounts of sodium chloride (90 g) to the reaction. It was filtered and dried at 120 ˚C in a vacuum oven overnight. The yield of reaction was about 82.5 %. 5-Amino-1-naphthol (10.55 g, 0.063 mol) , 2.52 g (0.063 mol) of NaOH, 95 mL of DMSO, and 41 mL of chlorobenzene were charged into a 250-mL, two-necked, round-bottomed flask equipped with a Dean-Stark trap, a condenser, a nitrogen inlet tube, and a magnetic stirrer. The mixture was stirred and heated to reflux temperature for about 4 h, and then 15 mL of chlorobenzene was added and reflux was continued for another 4 h to remove water from the mixture completely. Disodium-3,3'-disulfonate-4,4'-dichlorodiphenylsulfone (13.75 g, 0.04 mol) and 6.5 mL of DMSO were added to the reaction mixture and it was heated to 170 ˚C for about 30 h. After cooling to room temperature, the mixture was filtered and the filtrate was precipitated in a large excess of isopropyl alcohol. The obtained product (DSANPS) was filtered and washed with isopropyl alcohol several times. It was then vacuum-dried at 120 ˚C overnight. The yield of reaction was about 80 %. DSANPS (12.88 g, 0.0175 mol) was dissolved in 115 mL of water in a 1-L beaker with stirring. Then 3.45g (0.035 mol) of HCl (37%) was added to the mixture and it was stirred to form a precipitate. It was filtered and transferred into a beaker containing 850 mL of isopropyl alcohol. The obtained precipitate (DANPS) was filtered and washed with isopropyl alcohol and acetone consecutively, and dried at 120 ˚C in vacuum oven overnight. The yield of reaction was about 83 %.
Synthesis of Sulfonated Copolyimides
A typical procedure for the preparation of sulfonated copolyimide with 50 mol % degree of sulfonation based on the ODA as an unsulfonated diamine was as follows: DANPS (3.460 g, 0.005 mol), 52 mL of m-cresol, and 1.672 mL (0.012 mol) of triethylamine were charged into a 250-mL, two-necked, round-bottomed flask equipped with a Dean-Stark trap, a condenser, a nitrogen inlet tube, and a magnetic stirrer. The solution was stirred for about 6 h until complete dissolution of the diamine. After that, 2.682 g (0.01 mol) of NDA, 1.001 g (0.005 mol) of ODA, 2.44 g (0.02 mol) of benzoic acid, and 18 mL of m-cresol were added to the reaction mixture and it was heated to 80 ˚C for 4 h. The temperature was increased to 180 ˚C and maintained for 10 h. Isoquinoline (2.58 g, 0.02 mol) was added to the mixture and heated for additional 10 h. After cooling, the mixture was precipitated in 300 mL of isopropyl alcohol and stirred for several hours. Then it was filtered and Soxhleted with methanol overnight. The polymer was vacuum dried for about 30 h. The yield of reaction was about 91 %.
The same procedure was repeated for the synthesis of other copolymers based on ODA and m-PDA as unsulfonated diamines with different degrees of sulfonation (40-80 mol % ).
Instruments
Infrared measurements were performed on a Bruker-IFS 48 FTIR spectrometer (Ettlingen, Germany). The H-NMR spectra were recorded in DMSO-d 6 solution using a Bruker Avance DPX 400 MHz (GmbH, Germany). Elemental analyses were performed by a CHN-O-Rapid Heraeus elemental analyzer (Wellesley, MA). Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were recorded on a Stanton Redcraft STA-780 (London, UK). The dynamic mechanical measurements were recorded on a Polymer Laboratories Dynamic Mechanical Thermal Analyzer (DMTA) over a temperature range of 25-300 ºC at 1Hz and a heating rate of 10 ºC/min (Surrey, UK). Inherent and intrinsic viscosities were measured by using an Ubbelohde viscometer in NMP at 30 ˚C. The weight-average molecular weight (M w ) was determined by gel permeation chromatography (GPC). It was performed on a Waters 150-C instrument using Styragel columns and a differential refractometer detector. The molecular weight calibration was carried out using polystyrene standards. Calibration and measurements were made at a flow rate of 1 mL/min, and DMF was used as solvent. Ion exchange capacity (IEC) of the acid forms of the polymers was measured by titration method. Mechanical tensile testing was performed with an ADAMEL testing instrument MTS 10/M equipped with a chamber in which the temperature and the humidity (80 ˚C and 93% RH) were controlled by flowing humidified air. Stress versus strain curves were obtained at a stretching speed of 25 mm/min for samples cut into a dumbbell shape [ASTM D638].
